Abstract-A lossless power-combining network comprising cascaded transmission-line segments in a tree structure is introduced for a multi-way outphasing architecture. This architecture addresses the suboptimal loading conditions in Chireix outphasing transmitters while offering a compact and microwave-friendly implementation compared to previous techniques. In the proposed system, four saturated power amplifiers (PAs) interact through an all-TL power-combining network to produce nearly ideal resistive load modulation of the branch PAs over a 10:1 range of output powers. This work focuses on the operation of the combining network, deriving analytical expressions for input-port admittance characteristics and an outphasing control strategy to modulate output power while minimizing reactive loading of the saturated branch amplifiers. A methodology for combiner design is given, along with a combiner design example for compact layout. An experimental four-way outphasing amplifier system operating at 2.14 GHz demonstrates the technique with greater than 60% drain efficiency for an output power range of 6.2 dB. The system demonstrates a W-CDMA modulated signal with a 9.15-dB peak-to-average power ratio with 54.5% average modulated efficiency at 41.1-dBm average output power.
I. INTRODUCTION

P
OWER amplifiers (PAs) are often required to provide wide-range dynamic output power control while maintaining high efficiency. The requirement of efficiency over a wide range of power levels is at odds with the dominant characteristics of most classes of PAs, which tend to have peak efficiency only under highly saturated peak output power operation. In order to maintain high efficiency over a wide dynamic range, then, a promising approach is to exploit the saturated efficiency characteristic by continuing to operate in a saturated mode even as output power is modulated. Output power of a saturated PA can be controlled for example by modulating either the drain terminal, as in polar and envelope-tracking techniques [1] - [3] , modulation of the effective load impedance as in Doherty [4] - [6] , outphasing [7] - [38] , or direct load modulation [39] - [41] architectures, or through a combination of these approaches [42] , [43] . In principle, the average modulated efficiency of these techniques is directly related to the extent to which saturated operation can be maintained. Of these architectures, therefore, outphasing with saturated PAs (or, in the ideal limit, switched-mode PAs) may represent the most readily achievable path to high efficiency over a wide power range, due to the wide operating range over which the multiple branch PAs can operate in saturation.
The outphasing approach employs phase-shift control of multiple branch amplifiers to modulate the power delivered to the load. When realized with a lossless power-combining network [7] - [31] , the branch PAs interact such that variations in their relative phases modulate the effective loading impedances, enabling phase control of overall system output power. This technique is able to realize a wide dynamic range over which all branch PAs remain in an efficient saturated mode of operation.
A significant limitation in traditional approaches to outphasing, including in its original formulation proposed in the 1930s [7] , is the substantial variation in the reactive component of the branch PAs' loading impedance that occurs across the outphasing range. This is an undesirable byproduct of the outphasing and power-combining mechanism (which controls output power through modulation of the real component of the branch PA loading impedances). Subjecting the branch PAs to variable reactive loading tends to degrade efficiency performance due to both the sensitivity to loading conditions exhibited by most RF amplifiers (including switched-mode RF PAs), and added conduction losses associated with the reactive currents [17] .
In order to address the suboptimal loading conditions of conventional outphasing formulations, a multi-way power-combining and outphasing amplifier has been introduced that provides branch PA loading conditions that are almost entirely resistive over a wide output power range [8] , [9] . Four-way implementations of this approach have been demonstrated using all lumped elements in a tree structure [9] , [10] , and by incorporating microstrip lines with ground-referenced shunt reactive elements [11] , [12] . In [12] , it was shown that these various realizations of the multi-way combining approach could be related through network transformations and shown to have identical theoretical port relationships. The preferred implementation for a particular application will therefore depend on power level and carrier frequency, and availability of appropriate passive components.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. This work introduces a multi-way non-isolating power-combining structure composed of transmission-line (TL) sections connected in a tree structure. By using only power-path TLs, this structure eliminates the need for reactive elements, reducing parasitic effects due to ground return paths and allowing for more compact layout compared to the radial stub implementation in [12] . The proposed outphasing system is broadly related to those in [8] - [12] , although it cannot be directly derived from them and has very different design and control considerations. The proposed approach shares the benefits of power-combining techniques based on non-isolating TL combiners [20] , [26] , [44] , [45] while significantly reducing the reactive loading of the PAs. This paper expands on the preliminary demonstration of this approach in [46] with a complete theoretical analysis of the TL-combining network. This work introduces the derivation of the input-port admittance characteristics and outphasing control strategies. We discuss the reasoning for the choice of base electrical length in the combiner design, and show a compact layout of the approach.
Section II presents the underlying theory for the proposed approach, including derivation of the input-port impedance and output power control characteristics of the multi-way TL combining network, development of and a network design methodology. Section III presents two design examples of the network used in simulation-based and experimental validation of the approach. The remaining system components and experimental validation results of the four-way 2.14-GHz prototype are described in Section IV. Section V concludes this paper.
II. THEORY
The four-way TL-based power-combining network is shown in Fig. 1 . Eight-way and higher order versions can be realized by extension of the techniques described in this work, but we have selected the four-branch version as having a balance of improved PA loading conditions and broad usefulness. As indicated in Fig. 1 , the characteristic impedances of the branch TLs are and , respectively. Each TL pair has a base length with a specified offset ( or ) from that base length. In other words, the TL lengths are chosen to have a increment/decrement in length from the base length. Although an arbitrary base length is possible, the base length is chosen here to be a quarteror half-wavelength, as this allows for symmetric length increments and simplifies the combiner analysis. Practical considerations for selecting the base TL length are discussed in Section III.
Throughout the following analysis we will assume that the four-branch PAs operate as ideal voltage sources, as this is the ideal condition for outphasing systems [32] . In practice, candidate PA classes for implementation include those producing a constant output voltage amplitude independent of input amplitude; e.g., class-E, saturated class-B, or class-F amplifiers. We also make the simplifying assumption that the PA operating efficiency is directly proportional to the power factor of its effective loading impedance, as shown in [8] , for ideal saturated class-B PAs. As a result, this work seeks to maximize efficiency by minimizing the reactive component of the loading seen by the branch PAs. It is also noted that some types of switching amplifiers (including class-E amplifiers) can be designed to work well across variable resistive loads, as described, for example, in [28] and [47] . A consequence of this design goal is that the matching among the loading conditions of all four PAs is maximized. We note that if an alternate loading trajectory provides improved efficiency for a practical branch PA, the resistive loading trajectory presented in this work could be transformed in such a way that all four-branch PAs operate as closely to that desired trajectory as possible.
A. Input-Port Admittance Characteristics
Understanding the input-port admittance characteristics of the TL combiner of Fig. 1 is important for its design and analysis. In other words, it is of interest to the designer to know how the effective loading of the PAs (due to the combiner) changes with outphasing. One convenient approach for determining these characteristics is to first describe the TL combiner with a multi-port admittance matrix relating the combiner input-port voltages to its respective input-port currents. Such a matrix captures the behavior of the combiner and allows one to easily derive the effective PA loading at any of the combiner input ports for an arbitrary set of PA outphasing angles. In the case of the four-way combiner of Fig. 1 , this reduces to a four-port admittance matrix relating the four input-port voltages to the respective input-port currents. Note that one can also describe the four-way combiner with a five-port admittance matrix, where the fifth port corresponds to the combiner's output port. In the following theoretical discussion, however, we choose to treat the output port along with its terminating load as part of the combiner network, as it requires considerably less algebraic manipulation to arrive at the result.
To derive the admittance matrix of the four-way combiner, consider first the three-port network of Fig. 2 . Both lines have impedance and their base length can be selected as an integer multiple of a quarter wavelength. Furthermore, an integer number of half-wavelengths may be added to without changing the port characteristics. This three-port network of Fig. 2 can be thought of as a fundamental building block of multi-port TL combiners such as the one in Fig. 1 . Conventional TL analysis methods can be employed to show that the port voltages and currents for the three-port network of This admittance matrix can be employed in deriving the input-port admittance characteristics for multi-port TL combiners. For example, consider the two-way TL combiner of Fig. 3 driving a load , in which the branch PAs are treated as ideal voltage sources and . The sources are outphased as illustrated in the phasor diagram of Fig. 3 . We can express the port voltages and currents using the matrix representation given by (2) , where is the admittance matrix (1) for the three-port network of Fig. 2 , (2) Solving (2) yields the relationship between the input-port voltages and and currents and given by (3) for the two-way combiner with half-wavelength base length, where and ,
Furthermore, if one assumes that the PAs driving the two-way combiner are outphased according to the phasor diagram in Fig. 3 , and the combiner input-port voltages have identical magnitude (at the operating frequency at which the combiner is designed to operate), then (3) can be solved to yield the effective combiner input admittances and , i.e., the admittance that each of the PAs sees looking into the combiner with all sources being active. It can be shown that and are complex conjugate pairs and are given by (4), where ,
It can be shown for the two-way combiner of Fig. 3 that, for a given PA output amplitude , maximum power is delivered to the load when and are 180 out-of-phase, i.e., . Interestingly, as can be seen from the admittance matrix (1) of this combining network, the load current is independent of and is only a function of the input port voltages and the length of the TLs. This suggests that one can also regard the two-way combining network as an impedance transformation network with a differential input and a single-ended output that converts a differential input voltage to an output current according to (1) . This network acts as a differential-input single-ended-output immittance converter in that it converts an input voltage to an output current (or an input current to an output voltage). In this regard it is similar to other impedance transformation networks such as the well-known quarter-wavelength transformer and its equivalent lumped-element counterparts [48] . Similar to other impedance transformation networks, the power loss exhibited by the network in Fig. 3 (owing to parasitic resistance, dielectric loss, etc.) also increases with the impedance transformation ratio.
An approach analogous to the one used for the two-way combiner can be employed for deriving the input-port characteristic of the four-way TL combiner. Consider Fig. 4 representing the four-way combiner of Fig. 1 as a cascade of three-port networks, each with its respective admittance matrix and . The node voltages and branch currents along with the load voltage and current can be related according the linear system of (5a)-(5d), which can, in turn, be solved to yield the input-port admittance matrix for the four-way combiner with a half-wavelength line base length as given by (6) , where , , , and , Fig. 2 . Each of the three-port networks is completely characterized by its corresponding admittance matrix . This is one possible approach for deriving the input-port admittance characteristic of the four-way combiner, and it can be similarly employed in the analysis of combiners with more than four input ports.
(5b)
Note that the admittance matrix in (6) provides a complete description of the input-port characteristics of the four-way combiner of Fig. 1 . It allows one to determine the input-port currents for any arbitrary set of input-port voltages and vice versa.
For the four-way combiner of Fig. 1 , if one further assumes that the PAs are outphased according the phasor relationship in Fig. 1 with all input-port voltages having the same magnitude (at the combiner operating frequency), then one can solve (6) for the effective admittance each of the PAs sees looking into the combiner as a function of the outphasing angles and with all other PAs active. As can be seen from (7), shown at the bottom of this page, and , as well as and , are complex conjugate pairs. It is important to note that (7) gives the effective input admittance at the combiner's input ports assuming that the PAs are outphased according to Fig. 1 and the PA output voltages have equal magnitudes. Furthermore, (7) is derived for a four-way combiner with TLs having half-wavelength base length ( in Fig. 1 ). An identical approach can be used to arrive at the effective input admittance equations for a combiner constructed with TLs having quarter-wavelength base length (see Appendix A) shown in (7a)-(7d).
B. Output Power Control
Control of the output power delivered by the combiner to the load can be achieved either by adjusting the signal amplitudes of the combiner inputs (through modulation of the PA drive amplitudes and/or their supply voltages), by controlling the phase shift between the PAs (phase modulation), or by a combination of both of these methods. To derive an expression for the power at the output of the combiner as a function of the phase shift between the PAs and their output voltage amplitudes,
consider again Fig. 4 . It can be readily shown through conventional TL theory that for the four-way combiner with half-wavelength TL base length, the load current depends on the branch currents and , as per (8), where (see Fig. 1 ),
Furthermore, from (1), (5a), and (5b), one can express the branch currents and in terms of the combiner's input-port voltages according to (9) , where ,
Combining (8) and (9), the combiner's load current can be written as per (10) . Note that (10) allows one to calculate the combiner's load current (for in Fig. 1 ) for an arbitrary set of input-port voltages . Furthermore, by assuming that all of the the PAs have equal output voltage amplitudes and phase relationships as per Fig. 1 , (10) can be simplified to obtain the combiner's load current (11) in terms of the PA outphasing angles and , and their output amplitude ,
The output power delivered by the combiner to the load can be easily calculated from (11) , and is given by (12) for the four-way combiner of Fig. 1 with half-wavelength TL base length.
is the characteristic impedance of the input-branch TLs, is the effective combiner load (after any impedance transformation stages), and are the PA outphasing angles, and and are given by and , respectively. Using a similar approach, the output power equation in the case of a combiner with quarter-wavelength TL base length can be developed (see Appendix A). Note that (12) relies on the assumption that the combiner's input-port voltages are purely sinusoidal (at the frequency at which the combiner is designed to operate) with identical amplitudes as per the phasor representation shown in Fig. 1 , (12) As can be seen from (12), one can indeed modulate the output power by either controlling the PA outphasing angles and , and/or by modulating the output voltage amplitude of the PAs. The output signal's phase is simply controlled by applying a common phase offset to all four of the inputs . The variation of output power as a function of the outphasing angles is shown in the contour plot of Fig. 5 . This figure highlights that a given output power can be produced by multiple outphasing angle pairs , allowing for design freedom in how the control angles are chosen. This observation forms the basis of the outphasing control strategy described in Section II-C, in which we use additional criteria (e.g., minimizing reactive Fig. 5 . Output power contours (normalized to peak power, lines 2 dB apart), when the outphasing control angles are varied. Since a given output power can be generated by multiple combinations of phase control angles, we can impose additional design criteria on how the control angles are selected. In this work, we choose to minimize the reactive component of the effective loading impedance on the four-branch PAs, thus maximizing efficiency. The outphasing angle trajectory corresponding to this control law is shown.
loading components) to select the control law. The characteristics of this combiner are further explored in Appendix B.
C. Outphasing Control Strategies
As can be seen from the output power relation derived in (12) and Fig. 5 , there exist an infinite number of PA outphasing angle pairs for a given combiner output power . This extra degree of freedom allows us to impose additional criteria on the input-port characteristics of the combiner so as to achieve the specified branch PA loading conditions with modulation of output power. In this paper, we choose to minimize the reactive loading through selection of an optimal susceptance (OS) control law: the PA outphasing angles and are chosen such that the peak imaginary part of the load admittance is minimized over a specified output power operating range.
The OS control angles for a given combiner output power level can be calculated by employing (12) and simultaneously minimizing the susceptive components of the combiner's effective input admittances given in (7) . Interestingly, it can be shown that for a given output power , minimizing the susceptive components of the combiner's effective input admittances corresponds to all four susceptive components having identical magnitudes, i.e., . Thus, to determine the OS control angles, we must solve the output power relation in (12) for and while simultaneously forcing identical susceptive magnitudes of the combiner's effective input admittances given by (7) . For the four-way combiner of Fig. 1 with half-wavelength TL base lengths, these two conditions reduce to the system of equations in (13) , where (13a) follows from requiring identical input susceptance magnitudes, while (13b) is a rearranged form of (12),
The system of equations in (13) can be further solved to yield the OS control angles and for the four-way combiner of Fig. 1 with as per (14) and (15), where 
,
, and is the output power delivered by the combiner to the load ,
The calculated load admittances seen by the four-branch PAs are shown in Fig. 6 for an example design with a 10:1 operating power range and . Indeed, as can be seen from Fig. 6 , the magnitude of the susceptive loading of all four PAs is identical, which is in agreement with the criteria on which the derivation of OS control is based. Furthermore, as predicted by (7), the loading admittance of PA pairs A and D and B and C are complex conjugates. Referring to Fig. 6 , one can notice that due to the OS control, the four PAs are loaded with nearly identical conductances and, hence, they contribute evenly to the overall power delivered to the load.
Although different, this TL-based multi-way outphasing system has properties that are somewhat analogous to those with the multi-way combining network in [8] and [9] and its variations [11] , [12] . A comparison of the theoretical effective loading conditions for Chireix combining, lumped-element four-way [10] , and TL-based four-way combining is shown in Fig. 7 for example combiner designs of similar dynamic ranges. It can be seen that when these systems are synthesized with PAs sensitive to loading reactance, there is a substantial advantage to four-way combining. Selection between the TL four-way combiner and the discrete four-way combiner (and its microstrip variations) will depend primarily on ease of implementation (e.g., with respect to carrier frequency, loss, and layout considerations).
D. Combining Network Design
The combining network is designed based on a specification of its load resistance and its operating output power range. For this analysis, we consider the operating output power range to be delineated by the highest and lowest output power values at which the imaginary component of the effective load impedances seen at the combiner input are zero. For instance, for the example values given in Fig. 6 , the output power range is 10 dB, based on the separation (in normalized output power) between the two zero-susceptance points. In practice, the usable operating range may be slightly larger than this value; for instance, in Fig. 6 the susceptance to below 4-dB normalized output power is still below the peak susceptance level over the nominal operating range.
The ratio of the TL impedances to the load resistance determines the magnitude of the load susceptance variations seen by the branch PAs, and the overall range over which the combiner can optimally operate. Generally, these impedances should be chosen to be at least twice to limit the variation in loading susceptance. The larger the ratio of and to , the smaller the range of susceptance, but the output power range over which susceptance stays small is also reduced. Conversely, for smaller ratios, a larger power range can be achieved, but at the expense of greater susceptive components. Practical considerations and implementation details may further constrain the range of possible values for and . The design curves in Fig. 8 are used to determine appropriate values for and based on a desired load resistance , output power range (in dB), and peak susceptance for a specified design. Note that these curves assume equal values for the TL impedances
and . An intermediate (unitless) design parameter uniquely characterizing the combiner is denoted as . Given a desired output power range, the value for can be found by tracing across from the "Output Power Range" axis to the appropriate black (solid) curve corresponding to the desired ratio to . The abcissa then denotes the appropriate value for the design. Based on this value, the resulting peak susceptive PA loading can be read off the right axis (red, dashed curves). Having selected the value for , the length increments and are computed according to (16) and (17) for the combiner having a base-length . For the combiner with base length, inverse cosine functions replace the the inverse sine functions in these equations, ( 
16) (17)
The load resistance used in the combiner network design may represent a different load value connected via an impedance transformer such as the , line indicated in Fig. 1 . This impedance transformer stage provides an additional degree of control over the TL characteristic impedances, for example, to improve the manufacturability of the design. As shown in Fig. 1 , we denote the actual load resistance as , and the design resistance as .
III. COMBINER DESIGN AND IMPLEMENTATION
This section presents two design examples of the four-way combining network, both for implementation on a Rogers 4350 substrate and operation at 2.14 GHz with an approximately 10-dB power range for outphasing control. Both designs utilize due to practical layout limitations associated with the required and values. TL and load impedances are likewise selected based on manufacturability considerations. The first example is designed for a compact layout, while the second accommodates port spacing requirements specific to the experimental system.
A. Compact Layout Example
Following the methodology outlined in Section II, we select a value of for the design parameter based on the curve in Fig. 8 and a specified 10-dB power range. This compact layout example is designed for a 20-mil-thick Rogers 4350 substrate so, in order for the values of and to result in practical dimensions, we have chosen values and . The design resistance is matched to the desired 50-load through a quarter-wave line with . The TL length increments for this design are computed according to (16) and (17) as and , where mil at 2.14 GHz for this substrate. With these values determined, the layout is implemented and simulated using Agilent Technologies' Advanced Design System (ADS) software. Mitered bends are used to create the compact serpentine layout shown in Fig. 9 , and spacing between the branches is kept above 3 the microstrip line widths to minimize coupling among the branches [49] . An additional design constraint is to locate all four inputs on a single edge of the printed circuit board (PCB) opposite to the single output port, as shown. The compact combiner PCB for a 2.14-GHz carrier measures only Fig. 9 . Layout of the compact four-way power combiner. The PCB is designed for a 2.14-GHz carrier frequency and measures 52.8 mm 67.3 mm, with the core combiner layout only 39.1 mm wide. The compact combiner is characterized in simulation by using Momentum RF to extract an EM model of the core layout. When this extracted layout model is simulated as a combining structure driven by four ideal branch PAs and with an ideal 50-load, the simulated loading conditions are as shown in Fig. 10 . The performance closely matches that of the ideal system (see Fig. 6 ), with the magnitude of the imaginary component of the load remaining under 5 mS over the range of operation.
The extracted combiner was fabricated on 20-mil-thick Rogers 4350 substrate and its port relationships were characterized using a four-port Rohde & Schwarz ZVA67. Figs. 11 and  12 show the simulated and measured frequency response of the four transmission coefficients (where port 5 is the output/combining port) and the output port reflection coefficient when all ports are 50 terminated. The phase of transmission coefficients is shown in Fig. 13 ; the relative phases at the four ports corresponds to the expected outphasing relationship for this design (shown as dashed lines) at 2140 MHz within 1.5 . From these measured results, it can be seen that operation of this compact combiner design should be possible over at least 200-MHz bandwidth.
B. Experimental Prototype Layout
The experimental system has physical constraints that prevent the use of the compact layout described in Section III-A. In particular, the branch PAs are mounted on carriers that require spacing of at least 81.3 mm between input ports. In order to experimentally validate the approach (using the same PAs as for previous outphasing systems [10] - [12] for comparison purposes), therefore, a second prototype combiner was designed using the "T" structure layout shown in Fig. 14. This design uses , , , and
. (Note that the related conference paper [46] indicated values and in Fig. 14 . Photograph of the 100-W 2.14-GHz experimental system. The branch PAs, also used in the experimental system of [12] , are based on [5] . The PA carriers in this connectorized prototype require spacing of at least 81.3 mm between the input ports, causing the relatively large combining network layout shown.
error; the lengths and were used.) A quarter-wave transformer with functions as an impedance transformer between the design resistance and the actual load. A 1.52-mm RO4350 substrate was selected as yielding manufacturable dimensions sizes for the 100-and 40.8-lines. The combiner's "T" junction structure was chosen to accommodate the larger layout requirements (specifically, the spacing between PAs evident in Fig. 14) . Note, however, that the asymmetry in the input paths with respect to the T junctions is not ideal and that the compact layout version above will perform more closely to the ideal combiner due to the symmetry of the junctions.
An additional practical constraint relates to the net electrical length of the RF path connecting the PA (specifically, the drain of the device) and the combiner. In order for the resistive load modulation at the combiner to appear resistive at the device, this net electrical length must be an integer multiple of quarter wavelengths. Additional 50-lines are included on the combiner board to augment the microstrip lengths on the PA PCB and the interconnects themselves to reach the desired total length. The final dimensions of this combiner implementation are 212 mm 102 mm, substantially larger than the compact version described in Section III-A. Detailed dimensions of the experimental combining network are given in Fig. 15 .
As described in [10] , multi-way combiners may be characterized through reverse drive (operating the combiner as a splitter and measuring the response). When the system was measured by driving the output port (with the four input ports terminated with 50 ), the port magnitude match was found to be within 5% in voltage amplitude of an ideal (even) split, and the phase within 3 of the expected values. The measured transmission coefficients are shown in Fig. 16 . 
C. Quarter-Wave Base Length Design Example
As described in Section II, it is possible to select either a quarter-wavelength or half-wavelength as the base length for the power combining network. Since a shorter TL length will have lower insertion loss, it may seem preferable to use a quarterwavelength base. For our design constraints, however (operating frequency, desired loading impedance for the branch PAs, design choice for ), we found that the quarter-wavelength results in impractically short line lengths.
Consider, for example, implementing a combiner as in the compact layout example in Section III-A with , , and design load resistance value . Replacing the inverse sine functions in (16) and (17) and evaluating with the above values yields and . The long and short line lengths for stages 1 and 2 are, therefore, (19) For our substrate, the shortest of these four lengths would be on the order of 3.6 mm, compared to the longest, which is approximately 25.8 mm, making layout challenging. As becomes larger, the terms inside the parentheses for (16) and (17) become smaller. In the half-wavelength-based combiner, this means that as increases, the difference lengths and become small, and may present a different kind of manufacturing challenge in distinguishing between the two different path lengths. In this case, the quarter-wavelength-based design may be preferred if the operating frequency allows for lengths corresponding to small fractions of a wavelength.
IV. MEASURED SYSTEM PERFORMANCE
A. Experimental Setup
Fig. 14 shows a photograph of the experimental RF outphasing amplifier. The branch PAs are based on the inverse class-F design in [5] , discussed in greater detail in [11] . Signal component separation is performed in MATLAB on a PC, and a field-programmble gate array (FPGA) provides an interface between the PA and four digital-to-RF upconverting paths based on Analog Devices' AD9779A DACs and ADL5735 IQ modulators, as shown in the block diagram in Fig. 17 . (Note that an analog signal component separation approach could also be realized in place of the multiple digital-to-RF paths, as described in [30] and [31] , though that was not done in this work.) Output power is measured with a Rohde & Schwarz NRT-Z44 through power meter. The setup allows for continuous wave (CW) measurements of the four-way power-combining system output power and drain efficiency. Due to memory limitations on the FPGA, however, the testbench has limited ability to perform modulated tests (as described in greater detail in [12] ). A recreation of the experimental testbench is shown in Fig. 18 .
B. CW System Performance
The system CW outphasing performance is characterized by varying both amplitude and relative phases of the four CW branch PA inputs. As in the related system described in [12] , the signal component separation algorithm to determine the four-branch PA's input signals is based on a combination of the OS control law and amplitude modulation. This mixed-mode control law has three regions of operation, as indicated in Fig. 19 .
At the highest output power levels, the PA drive power is maximized and output power is controlled using outphasing only [according to the ideal OS control law, see (14) and (15)]. In the region labeled "Outphasing plus drive backoff," a combination of drive amplitude and phase control is used, with the input drive amplitude backed off so that the branch PAs are not over-driven. The drive levels are determined experimentally for highest efficiency while still saturating the branch PAs. At low output power levels, i.e., more than 7 dB below peak output power, the amplitude is modulated alone (with constant outphasing angles). This mixed-mode approach extends the system's output range down to zero.
The peak CW drain efficiency of the system is 72% with efficiency remaining above 60% over the 7-dB outphasing range. Also shown in Fig. 19 are the CW measurements of a four-way outphasing system using the same PAs, but with a four-way radial-stub-based combiner [12] . The two combining networks demonstrate comparable performance and insertion loss with the slightly compressed efficiency curve in the TL version most likely explained by its "T" layout that introduces asymmetry in the design. The compact layout described in Section III could not be measured experimentally because of the large dimensions of the PAs (simply using cables to connect the PAs and combiner board is complicated by the sensitivity of the system to electrical length between the branch PAs and the combiner reference plane). For a practical, compact, and most efficient version, the PAs and combiner should be integrated on a single PCB. (14) and (15), in the pure outphasing and outphasing plus back-off regions (see Fig. 19 ). The dB power point corresponds to a nominal loading impedance on the four PAs of 50 . Fig. 20 shows the CW output power as a function of commanded power [see (14) and (15)] when the system is operated in the outphasing and outphasing plus backoff regimes. The nonlinearity near 0-dB commanded power is due to the experimentally determined drive back-off characteristic, which has been chosen for a good efficiency characteristic rather than to optimize linearity. It is clear from this result that some amount of linearization [digitial predistortion (DPD)] would be necessary for this architecture to be used in a modern communications system.
C. Modulated Performance
Since the bandwidth and linearity of the baseband signal decomposition setup was limited, this work does not focus on the linearizability of the approach. Nonetheless, the system was tested with a 3.84-MHz W-CDMA signal having a 9.15-dB (measured) peak-to-average power ratio (PAPR), for which the average drain efficiency was 54.5%. Limited DPD was applied based on a memoryless lookup table (LUT) and the use of an oscilloscope as an observation receiver. The 34.2-dBc adjacent channel leakage power ratio (ACLR) under these conditions is comparable to the 37.7-dBc ACLR produced from one of the IQ modulators in the signal component separator (SCS) (the SCS design is described in further detail in [12] ). The low ACLR of the experimental setup is a result of the short (repeated) test waveform. Table I summarizes the performance of this outphasing amplifier in comparison to other state-of-the-art works having similar technology and output power levels. Compared to the authors' previous demonstrations of four-way outphasing techniques, this TL implementation shows comparable efficiency and shares the power-handling capability of the all-microstrip radial stub combiner [12] . The compact TL combiner introduced in this work has an area advantage over the radial combiner, and is expected to scale better (in size and frequency) than previous techniques.
V. CONCLUSION
Outphasing PA systems are attractive solutions to achieve efficiency over a wide dynamic range due to their use of saturated-mode operation. In this work we have investigated the operation and design of an outphasing architecture that provides nearly ideal resistive load modulation of branch amplifiers, while enabling use of a microwave-friendly all-TL combining network. The new all-TL multi-way lossless power combining network is effective for compact microwave PA systems.
In order to enable implementation of this idea, we have derived theoretical expressions for branch PA loading conditions and system output power. We present both a design approach and an outphasing control strategy to minimize the variation in susceptive loading impedances for a specified load resistance and output power range. A design example of a compact layout shows that the combining network, operating at a 2.14-GHz carrier frequency, can be fit within a 39.1 mm 52.8 mm area. Measurements of this network indicate a close match to the theoretical analysis.
The approach is experimentally verified in a 100-W experimental prototype operating at 2.14 GHz, which demonstrates peak CW drain efficiency of 72% and efficiency above 60% over a 7-dB range. When compared directly to the measured results of a related power-combining network based on microstrip lines and radial stub elements, the all-TL combining system has nearly the same CW performance. It is anticipated, however, that the TL version of this approach will have better potential to scale to higher frequency applications due to its tree structure.
APPENDIX A
In Section II, we presented a derivation of the input-port admittance characteristics of the four-way combiner of Fig. 1 for a half-wavelength TL base length . By employing an analogous approach, it can be shown that the four-port admittance matrix relating the combiner's input port voltages and currents for a four-way combiner implemented with a quarter-wavelength base length is given by (20a)-(20e) , where , , , and ,
Assuming that the PAs are outphased according to the phasor relationship in Fig. 1 with all input-port voltages having the same magnitude , then one can solve (20) for the effective admittance each of the PAs sees looking into the combiner as a function of the outphasing angles and (21) with all other PAs active. Note that the expressions in (21) are quite similar to the expressions derived for the effective admittances of the four-way combiner with given by (7), (21a) (21b) Furthermore, it can be shown that the output power delivered by the four-way combiner to the load in the case of is given by (22) , where and are the PA outphasing angles, and is the PA output amplitude according to the phasor diagram in Fig. 1 , (22) It can be further shown that the OS control angles and for the case of the four-way combiner with are given by (23) and (24), where , , and is the output power delivered by the combiner to a load ,
APPENDIX B
In this Appendix, we further consider the characteristics of the combiner, including its output power control characteristic. Interestingly, one can notice from (12) that the output power delivered to the load is independent of the characteristic impedance of the output branch TLs in the four-way combiner of Fig. 1 . To gain insight into this fact, consider again the three-port TL network shown in Fig. 2 . Suppose that we short-circuit ports 1 and 2, i.e., and . Looking into port three, one sees the parallel combination of the two TLs connected to ground. Due to the differential increment in their length, the two TLs behave as the parallel combination of a conjugate pair of purely imaginary impedances to ground (assuming that the TLs are lossless), hence resulting in infinite net impedance when looking into port 3 (with ports 1 and 2 short-circuited). Due to the linearity of the three-port network in Fig. 2 , we can conclude that the port 3 input current is independent of and is entirely determined by , , and . This is also accordingly reflected by the three-port admittance matrix in (1). This result is valid for any , provided that the base length of the TLs is an integer multiple of a quarter wavelength, and the TLs are treated as lossless. Selecting the TL base length to be other than an integer multiple of a quarter wavelength results in a non-infinite impedance (at the operating frequency) when looking into port 3 with ports 1 and 2 short circuited, implying a dependence of on .
Redirecting our attention to the case of the four-way combiner and applying the above reasoning to Fig. 4 , we can now see that the branch currents and are independent of the respective node voltages and and the characteristic impedance of the output branch TLs. From (8), the load current and, hence, output power , depends solely on and and the length of the output-branch TLs, but not on their characteristic impedance . It is important to note, however, that although the output power may be independent of , one must carefully select both TL impedances and as their values are both of great importance to the overall performance of the combiner and its input-port admittance characteristic (e.g., see Fig. 8 ).
It is also worth clarifying that selecting to be zero does not result in infinite output power as may be counterintuitively suggested by (12) for the four-way combiner of Fig. 4 with . In reality, choosing equal to zero corresponds to a degenerate case of the four-way combiner (see Fig. 4 ) in which each of the input branch TLs is a half-wavelength long. Suppose that all four input ports of the combiner are driven with ideal voltage sources with zero output impedance according to the phasor diagram in Fig. 1 . One can represent each of the input branches (comprising a half-wavelength-long TL and ideal voltage source driver) with its Thevenin equivalent having zero Thevenin impedance and a Thevenin voltage that is 180 out of phase with the respective terminal input voltage . This effectively results in connecting the PAs that are driving terminals A and B (C and D) in parallel. Practically, this is only possible if terminal pairs A/B and C/D are driven in phase, i.e., in Fig. 1(  and  ) , or if the output amplitude of all PAs is zero, i.e., in (12) . In the former case, the four-way combiner is reduced to a two-way combiner, while in the latter case no power is delivered to the output. As Section II-D describes in detail, selection a smaller value for and results in smaller variation of the combiner's input susceptance over its operating power range. As a tradeoff, however, smaller values for and require TL characteristic impedances and that are relatively high with respect to the combiner's load. The ability to practically implement TLs with high characteristic impedances limits how small one can choose and . Head. He also consults in industry and is co-founder of Eta Devices, a startup company that focuses on high-efficiency RF power amplifiers. His research interests include design, manufacturing, and control techniques for power electronic systems and components, and in their use in a wide range of applications.
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